
Antimony-based intermetallic compounds for lithium-ion
and sodium-ion batteries: synthesis, construction and application

Wen Luo, Jean-Jacques Gaumet, Li-Qiang Mai*

Received: 16 December 2016 / Revised: 21 January 2017 / Accepted: 13 March 2017 / Published online: 4 May 2017

� The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2017

Abstract The development of alternative electrode mate-

rials with high energy densities and power densities for

batteries has been actively pursued to satisfy the power

demands for electronic devices and hybrid electric vehi-

cles. Recently, antimony (Sb)-based intermetallic com-

pounds have attracted considerable research interests as

new candidate anode materials for high-performance

lithium-ion batteries (LIBs) and sodium-ion batteries

(SIBs) due to their high theoretical capacity and suit-

able operating voltage. However, these intermetallic sys-

tems undergo large volume change during charge and

discharge processes, which prohibits them from practical

application. The rational construction of advanced anode

with unique structures has been proved to be an effective

approach to enhance its electrochemical performance. This

review highlights the recent progress in improving and

understanding the electrochemical performances of various

Sb-based intermetallic compound anodes. The develop-

ments of synthesis and construction of Sb-based inter-

metallic compounds are systematically summarized. The

electrochemical performances of various Sb-based

intermetallic compound anodes are compared in its typical

applications (LIBs or SIBs).

Keywords Antimony; Intermetallic compound; Alloy;

Anode; Sodium-ion battery; Lithium-ion battery

1 Introduction

Energy conversion and storage have become key issues

with concerns to our welfare in modern society. For several

decades, lithium-ion batteries (LIBs) have gained much

importance for portable electronic devices, hybrid electric

vehicles and backup electricity storage units for renewable

energy sources [1–3]. Recently, owing to the great con-

cerns to the limited lithium (Li) resources on earth,

sodium-ion batteries (SIBs) have captured intensive

research interests as one of the viable alternatives to LIBs

because of its abundant sodium (Na) reserves and low-

voltage operation [4–6]. Moreover, researches show that

for cathode materials, sodium intercalation chemistry

shares similar redox principle to LIB systems upon elec-

trochemical process, which makes it possible to employ the

same compounds in both LIB and SIB systems [7, 8].

However, how to prepare high-performance anode

materials with high energy density, suitable lithiation or

sodiation potential and long cycle life is still a challenge.

For instance, graphite, which is used as the anode material

for commercial rechargeable LIBs, cannot fulfill the

requirement for higher output capacity due to its insuffi-

cient theoretical capacity of 372 mAh�g-1 [9, 10].

Recently, antimony (Sb)-based nanocomposites have

demonstrated impressive performances by sustaining

reversible capacities between 500 and 800 mAh�g-1 over
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numerous cycles during the lithiation or sodiation pro-

cesses [11–16]. With respect to Sb-based intermetallic

compounds, these alloys are featured with merits as

promising anodes for LIBs and SIBs. Taking SnSb inter-

metallic alloys as LIBs anode for example [17, 18], (1)

both Sn (Li4.4Sn, 990 mAh�g-1) and Sb (Li3Sb,

660 mAh�g-1) elements can alloy/de-alloy reversibly,

contributing to a high lithium storage capacity; (2) the

volume variations of the cycled alloys due to the alloying/

de-alloying of Li? can be partially accommodated by a

highly dispersed ductile Sn phase; (3) high energy density

can be achieved in a SnSb anode-based full cell because of

its suitable redox potential. Despite these desirable fea-

tures, the practical capacity and cycling performance of

these Sb-based alloys are often limited by the cracking and

pulverization of active anode particles during long-term

cycling processes [19]. A representative illustration of the

reaction mechanism of Sb-based anode is shown in Fig. 1.

Those Sb-based intermetallic anodes which undergo an

alloying or conversion reaction would suffer major struc-

tural changes during charge and discharge process.

Recently, the development of nanoscience and nan-

otechnology has provided the possibility to tailor the

physical or chemical properties and improve the perfor-

mance of functional materials. Most of Sb intermetallic

compounds are found to present excellent electrochemical

performance through novel structure design and composi-

tion optimization. As summarized in some recent review

articles, nanostructured electrode materials are able to

manifest superior electrochemical properties compared to

their bulk counterparts [20–22]. And to date, several

review articles summarizing the application of alloy anode

for LIBs or SIBs have already been reported by Park and

coworkers [23], Obrovac and Chevrier [24] and Zhang

[25]. But there are few reviews that systematically sum-

marize the synthesis and construction of Sb-based inter-

metallic compounds for LIBs and SIBs. Herein, we mainly

review the recent progress in improving and understanding

the electrochemical performance of various Sb-based

intermetallic compound anodes. The developments of

synthesis and construction of Sb-based intermetallic com-

pounds are systematically summarized. The electrochemi-

cal performances of various Sb-based intermetallic

compound anodes are compared in its typical electro-

chemical energy storage applications (LIBs or SIBs).

2 Construction and synthesis of Sb-based alloy for

energy storage

In this article, we will review some typical novel synthesis

methods of Sb-based intermetallic compound in recent

years. Most commonly utilized strategies to fabricate high-

performance nanostructured electrode materials are

solvothermal/hydrothermal synthesis. Because of its facil-

ity, inexpensive equipment involved and moderate reaction

condition, these kinds of synthesis methods gain much

interest. Zhao et al. have described the preparation of the

nanocrystalline CoSb2 by a solvothermal method at various

temperatures [26, 27]. It was found that CoSb2 is highly

crystallized at 190 �C and with almost a single-phase

structure [27]. The produced CoSb2 nanocrystals are

composed of small granules in the size of 20–30 nm and

some large aggregates. By modifying synthesis condition,

they further synthesized CoSb3 nanocrystals with the

aggregates in size of above 60 nm [28]. They also found

that these CoSb3 can be bounded well with multiwall

carbon nanotubes (MWCNTs) by grinding with an agate

mortar [29]. Similarly, NiSb and NiSb2 particles in large

aggregates are also synthesized by Zhao et al. via the

solvothermal route [30, 31]. Interestingly, NiSb [30] and

NiSb2 [31] products can be easily controlled by using

different reducing agents at a lower temperature to realize

its better disperse with the particle size in 60–80 nm. For

the solvothermal/hydrothermal synthesis of Sb-based

intermetallic compounds, other advanced strategies can be

facilely achieved such as template-assisted method. Huang

et al. reported hollow Cu2Sb@C core–shell nanoparticles

obtained by controlling the amount of CuCl2 and time of

replacement reaction via a simple polyol approach [32]. In

this work, Sb particles not only act as antimony sources but

also play a role as a sacrifice template (Fig. 2a). As time

passes, Sb particles are gradually consumed, and Ostwald

ripening occurs as Cu2Sb around the surface of the Sb

forms a shell, finally leaving Cu2Sb@C hollow core–shell

nanoparticles with an average diameter of 25 nm (Fig. 2b,

c).

Solution chemical reduction route is often used to syn-

thesize nanosized materials with uniform size distribution

at moderate temperature and lower pressure compared to a

Fig. 1 Illustration of charge–discharge process involved in recharge-

able batteries consisting of Sb-based intermetallic compound anode

and lithium or sodium metal cathode
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typical solvothermal/hydrothermal synthesis. Sarakonsri

and Johnson [33] reported an intriguing synthesis of den-

drite-like InSb (Fig. 2d), Cu6Sn5 and Cu2Sb anodes via a

solution chemical reduction route synthesis. It is found

heterogeneous redox reactions at the surface of the Zn

particles resulted in fern-like dendritic structures with high

specific surface areas. In the presence of sodium citrate as a

complexing agent and different reducing agents, nanoscale

size Cu2Sb particles can be achieved [34]. To achieve

SnSb-based alloy, co-precipitation method is often

involved in most of the articles [18, 35–40]. The variety of

synthesis parameters have great effects on the morphology

of the obtained anode materials; for instance, small SnSb

particle size with low crystallinity (reduced by NaBH4),

dendrite-like SnSb bulks (reduced by Zn in aqueous solu-

tion) and irregular bulk SnSb particles(reduced by Zn in

glycol) were synthesized, respectively [39]. Carbon nan-

otube or graphene modification can be facilely composited

in SbSn-based anode through a moderate solution chemical

reduction route, such as spherical nano-SnSb/mesophase

carbon microbeads (MCMB)/carbon core–shell composite

[41], SnSb/CNT composite [40, 42, 44, 45], SnxSb-gra-

phene-carbon nanofibers [43], SnSb0.5/CNT composite

[38] and SnSb/hard carbon sphere composite [46]. The

SnSb/graphene composite with three-dimensional (3D)

porous structure was prepared via an in situ chemical

reduction method (Fig. 2e, f) [47, 48]. The as-synthesized

SnSb/graphene composite has an excellent electrical con-

ductivity; the corrugated and stacked graphene sheets also

provide a porous buffer matrix on the macrodomain, thus

significantly enhancing the capacity retention, cycling

performance and rate capability. Recently, Kovalenko et al.

demonstrated an inexpensive and scalable synthesis of

SnSb nanocrystals with 10–30 nm in size [49] and an

intriguing monodispersive *20-nm-sized SnSb colloidal

(Fig. 2g) [50] under certain designed reducing condition.

The important advantages of this method over previous

solution syntheses are its nearly quantitative reaction yield

and its avoidance of the use of surfactants.

High-energy mechanical milling (HEMM) technique is

attractive for the construction of high-performance anode

materials, since this method yields well-distributed, nano-

sized metal or alloy crystallites in the certain matrix via the

repeated flattening, welding, fracturing and rewelding of

the particles [51]. A Zn3Sb4/graphite composite [52] was

synthesized via HEMM for LIBs. The electrode behavior

has been largely improved when graphite additives were

employed. Park and Sohn conducted a novel research on

quasi-intercalation and facile amorphization in layered

ZnSb for LIBs [53]. By the HEMM technique, 3-nm-sized

ZnSb nanocrystallites were uniformly distributed within a

carbon matrix, and the achieved product exhibits excellent

electrochemical properties (Fig. 3a–c). Another example

deserves mentioning is the construction of the porous

structured SnSb/C materials after HEMM treatment [54].

In this work, MgCl2 in the milled SnSb/MgCl2/C com-

posite was washed by solution mixed with ethanol (Etoh)

and distilled water (Fig. 3d). And finally a unique structure

Fig. 2 Schematic diagram for formation of Cu2Sb@C nanoparticles evolved from Sb nanoparticles a, transmission electron microscopy (TEM)

images of hollow Cu2Sb@C core–shell nanoparticles b, c, as-precipitated (un-annealed) InSb morphology and annealed microstructure (inset) d,

TEM image of SnSb/graphene composite e, high-resolution TEM image showing SnSb nanoparticles and graphene sheets f and TEM image of

*20-nm SnSb NCs g
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of *11-nm-sized SnSb nanocrystallines embedded in

porous carbon matrix composite was achieved (Fig. 3e).

Various nanostructured SnSb or SnSb/C composites were

synthesized via HEMM technique [55–58]. In the SnSb/C

composite, 2–3 nm-sized SnSb nanocrystallites are uni-

formly distributed within a carbon matrix which can result

in an exceptionally high capacity (544 mAh�g-1, almost

double that of intercalation carbon materials), good rate

capacity and cyclability for SIBs [58]. TiC is also utilized

as a buffer material in some SnSb–TiC–C composites via

HEMM technique [56, 59, 60]. Manthiram et al. demon-

strated that the buffer matrix of TiC and carbon in the

nanocomposite alloy anodes accommodates the large vol-

ume change occurring during the charge and discharge

process and leads to enhanced cyclability compared to pure

SnSb anode [59].

Thermal sintering or heat treatment method has been

intensively employed to synthesize alloy materials. It

should be noted that in most of the cases, thermal sintering

is often used combined with preceding hydrothermal syn-

thesis or HEMM treatment to increase crystallization, to

in situ reduce and carbonize composite or to reinforce

structure. Microsized CoSb alloy powders were synthe-

sized by carbothermal reduction method from oxides of Co

Fig. 3 TEM image and corresponding lattice spacing a, high-resolution transmission electron microscopy (HRTEM) image b and energy-

dispersive spectroscopy (EDS) mappings c of amorphizated ZnSb/C nanocomposite, schematic diagram for synthesis of porous structured SnSb/

C nanocomposites d, HRTEM images and corresponding lattice spacing of porous structured SnSb/C nanocomposites e, scanning electron

microscopy (SEM) image of worm-like CoSb powders f and TEM images of Sb/Cu2Sb/C composite g, h

324 W. Luo et al.

123 Rare Met. (2017) 36(5):321–338



and Sb [61]. Sb is firstly reduced from Sb2O3, followed by

the reduction of Co from Co3O4 and the alloying of Sb with

Co. The liquid feature of Sb at synthesis temperature ren-

ders the CoSb particles with a worm-like shape (Fig. 3f).

For the preparation of desired alloy, sample can be facilely

synthesized according to its stoichiometric ratio of each

element by heat treatment such as the synthesis of TiSb2

nanoparticles [62] and SnSb microsized particles [63].

Multicomponent alloys can also be easily synthesized

through thermal sintering. Microscaled Sn–Sb–Ni alloy

composites were synthesized via carbothermal reduction

from corresponding oxides of Sn, Sb and Ni directly [64].

The ductile Ni can buffer the big volume change of elec-

trode and thus make great contribution to the cycling sta-

bility of electrode. Ma et al. fabricated Sb/Cu2Sb/C

composite using a high-temperature solid-phase method

[65]. This method involves the synchronously formed

amorphous carbon layers matrix and Cu2Sb particles

(Fig. 3g, h) that can effectively accommodate the volume

changes of Sb during electrochemical cycles and improve

the conductivity of the Sb/Cu2Sb/C electrode.

Electrodeposition technique plays a vital role in the

fabrication of various nanostructures with high aspect ratio

structures whose dimensions can be easily controlled and

fine-tuned. CoSb nanowire arrays with different degrees of

order were synthesized by Yang et al. [66] through elec-

trodeposition. Yang et al. [67] also synthesized Ni2Sb5

nanowires with a diameter of 80 nm, and these uniform

nanowires parallel to each other and thoroughly flush at the

bottom (Fig. 4a, b). ZnSb nanotubes were grown through a

template-free electrodeposition method under over-poten-

tial conditions (Fig. 4c, d) [68]. The growth of the nan-

otubes was attributed to the template effect from H2

bubbles. Owing to their hollow structures, the ZnSb nan-

otubes depicted better Li-ion storage performance com-

pared to that of ZnSb nanoparticles deposited under

different conditions. Electrodeposition technique has also

been regarded as an efficient tool to fabricate thin-film

anode for LIBs or SIBs. Cu9Sb2 thin films have been

manufactured via electrodeposition with nanoflake or

nanoparticle morphology on the surface of film (Fig. 4e, f)

[69]. Prieto et al. reported one kind of Cu2Sb thin film

possessed a uniform surface with a thickness of 32.4 lm

[70]. Notably, the electrodeposition of Cu2Sb directly onto

conducting substrates represents excellent electrical con-

tact to a substrate, which is critical for further battery

testing.

Galvanic replacement has attracted much interest as a

low-temperature and facile synthesis of nanoarchitectured

alloy materials [71–73]. Ji et al. introduced galvanic

replacement to synthesize dispersive hollow NiSb spheres

for LIBs [74]. These NiSb nanospheres were featured with

a diameter of 70–100 nm and wall thickness of 15 nm. The

composition and morphology of the ZnSb nanostructures

could be tuned by varying the molar ratio of the precursors

(e.g., ZnCl2: SbCl3), the deposition potentials and the

Fig. 4 Typical morphologies of materials synthesized by electrodeposition method: a bottom-view SEM image (inset being a magnified local

SEM image) and b TEM image of as-prepared Ni5Sb2 nanowires array, c SEM image and d TEM image of electrodeposited ZnSb nanotubes and

SEM images of deposited Cu2Sb film e before heat treatment and f after heat treatment
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substrate roughness. It can be concluded that the formation

of wires is due to the substrate effect. 3D interconnected

NiSb intermetallic hollow nanospheres [15] for SIBs were

prepared involving crystallized 3D interconnected Ni

nanospheres precursor and subsequent galvanic replace-

ment reaction involving Sb ions (Fig. 5a–f). The hollow

structure of nanospheres and 3D interconnected channels

was verified to not only buffer the huge volume change and

reduce the diffusion induced stress, but also facilitate the

diffusion of Na?.

Chemical vapor deposition (CVD) has been widely used

as a versatile method for preparing advanced nanomaterials

with complex architectures. Cu11Sb3 nanowires (NWs),

Cu2Sb nanoparticles (NPs) or pure Sb nanoplates were

obtained via CVD technique [75]. Zheng et al. demon-

strated the CVD growth of several novel one-dimensional

(1D) Zn4Sb3 structures, including nanotubes (Fig. 5g),

nanowires (Fig. 5h) and nanorods (Fig. 5i), directly on a

Cu foil [76]. It has been verified in this work that the 1D

transport nature and the tubular structures of the obtained

Zn4Sb3 nanotubes offer excellent anode capacity and

cycling stability compared to Zn4Sb3 nanowires and

Zn4Sb3 nanorods. Guo et al. prepared SnSb-core/carbon-

shell nanocables directly anchored on graphene sheets (GS)

by the hydrothermal technique and CVD [77]. The good

sodium storage performance of the as-synthesized SnSb/

CNT@graphene can be attributed to the efficient buffering

provided by the outer carbon nanocable layer and the

graphene protection from the agglomeration of SnSb par-

ticles, as well as its high conductivity.

Electrospinning has been widely used as a convenient and

versatile method for preparing 1D nanomaterials with con-

trollable lengths, diameters and composition [78, 79].

Bhattacharyya et al. introduced 1D assembly of crystalline

single-phase SnSb alloy nanoparticles inside porous carbon

fibers synthesized by using the electrospinning technique

Fig. 5 Schematic illustration of fabrication of 3D interconnected NiSb hollow nanospheres a, dark field TEM image b and corresponding

elemental mapping of 3D interconnected NiSb hollow nanosphere for Ni–K c, Ni–L d, Sb–K e, Sb–L f edges; TEM images of Zn4Sb3

g nanotube, h nanowire and i nanorod deposited on a copper foil by CVD
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(employing nonoxide precursors) followed by an in situ

carbonization and reduction strategy [80]. The presence of

carbon in SnSb–C completely nullifies the conventional

requirement of other carbon forms during cell electrode

assembly. Liu et al. also reported a carbon nanofiber (CNF)-

supported SnSb nanocomposite as anodes for enhanced

sodium storage performance using electrospinning and a

subsequent thermal treatment processes [81]. The highly

dispersed SnSb nanoparticles with an average size of about

30 nm can be encapsulated in porous carbon nanofibers. 1D

SnSb-C nanofibers can be transformed to 3D interconnected

carbon network encapsulating SnSb particles by adjusting

carbonization time and temperature [82].

Besides, several conventional methods for metal man-

ufacture are usually applied to synthesize Sb-based inter-

metallic compounds, such as hot-pressed method, vacuum

melting, melt spinning method and magnetron sputtering.

Zn4Sb3 composite was prepared through hot-pressed

method for the investigation of LIBs anode [83]. Zn and Sb

shots in stoichiometric ratio were melted in sealed quartz

ampoules. The melts should be held at 1023 K for about

2 h for homogenization and quenched in water. b-Zn4Sb3

[84], Zn4Sb3/C or CoSb3/C composites [85] were obtained

via vacuum melting process. Although the reported average

particle sizes of the Zn4Sb3/C alloys are about 100 nm,

most of them prepared by melting process tend to aggre-

gate into large granule, which might have an inferior

influence on its electrochemical performance. In one typi-

cal melt spinning of SnSb/CNTs composite [42], the SnSb

particles were finely encrust within the mesh-like CNT

framework. And this melt-spun SnSb/CNTs composite

exhibits impressive rate performance, e.g., high reversible

capacity of 522 mAh�g-1 is obtainable at a high current

density of *3300 mA�g-1 (4C). Magnetron sputtering has

been considered a necessary technique to manufacture

alloy materials. Baggetto and coworkers reported the

properties of magnetron-sputtered AlSb thin films [86] and

Mo3Sb7 thin films [87] during the electrochemical reac-

tions with Li and Na. Mo3Sb7 thin films are composed of

small agglomerated domains with a surface morphology

that follows the roughened Cu substrate. Impressively, the

as-deposited Mo3Sb7 films retain large capacities of about

310 and 280 mAh�g-1 at very high rates of 100 and 30 C

rate currents for Li and Na, respectively.

3 Electrochemical performance of Sb-based alloy

3.1 Sn–Sb alloys

Sn–Sb-based alloys have drawn great research interest

emphasized by an increasing number of publications. The

choice of the SnSb system stems from several synergistic

effects between Sn and Sb [88–90]. First, both components

of this alloy contribute to its high theoretical capacity of

824 mAh�g-1 illustrated as follows:

SnSb þ xLiþ þ x e� $ LixSnSb 0\x\1:6ð Þ ð1Þ

Li1:6SnSb þ 1:4 Liþ þ 1:4 e� $ Li3Sb þ Sn ð2Þ

Sn þ 4:4 Liþ þ 4:4 e� $ Li4:4Sn ð3Þ

Similarly, the theoretical maximum capacity for Na-ion

storage in SnSb is 752 mAh�g-1 based on the formation of

Na3Sb and Na3.75Sn [57, 91]. Reducing particle size of

SnSb alloy anodes could enhance morphological stability

and thus improve the cycling performance. Lithium-ion

storage in *20-nm-sized SnSb colloidal [49] is charac-

terized by capacities close to the theoretical maximum,

with an average value of 760 mAh�g-1 for 100 cycles at a

high current density of 1000 mA�g-1 (Fig. 6a). For

sodium-ion storage, lower capacities are obtained, but with

higher relative capacity retention upon cycling (Fig. 6b).

More importantly, a full-cell measurement was conducted

with these *20-nm-sized SnSb nanocrystals (NCs). The

first results from Li-ion and Na-ion full-cell experiments,

using LiCoO2 and Na1.5VPO4.8F0.7 as the cathodes, indi-

cate the stable cycling performance of SnSb NCs with

specific Li- and Na-ion anodic capacities of 600 mAh�g-1

(Fig. 6c) and 400 mAh�g-1 (Fig. 6d), respectively. The Li-

ion storage properties of monodispersive SnSb-alloyed

NCs are enhanced due to the combination of high cycling

stability of Sb with higher specific Li-ion storage capacity

of Sn [50]. In particular, stable capacities of above

580 mAh�g-1 were obtained at 20C rates for LIBs

(Fig. 6e). Furthermore, Na-ion storage capacities of [350

and [200 mAh�g-1 were obtained at 1C and 20C rates,

respectively (Fig. 6f).

The combination of the alloy and the carbon in a

designed structure shows great potential for improving the

cycle life and rate capability. Kalisvaart et al. provided the

first report on several compositions of ternary Sn–Ge–Sb

thin-film alloys for application as SIBs anode [11]. This

alloy has an initial reversible specific capacity of

833 mAh�g-1 (at 85 mA�g-1) and 662 mAh�g-1 after 50

charge and discharge cycles. Specifically, Sn50Ge25Sb25

also shows excellent rate capability, displaying a

stable capacity of 381 mAh�g-1 at a current density of

8500 mA�g-1 (*10C). A survey of published literature

indicates that 833 mAh�g-1 is among the highest reversible

capacities reported for a Sn-based SIBs anode, while

381 mAh�g-1 represents the optimum fast charge value.

The lithiation capacity of Sn-Ni-Sb multicomponent alloy

[64] was 530 mAh�g-1 in the first cycle and maintained at

370–380 mAh�g-1 in the following cycles. The ductile Ni

can buffer the big volume change of electrode and thus

make great contribution to the cycling stability of
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electrode. SnSb–TiC–C nanocomposite offers high volu-

metric capacity of 1300 mAh�m-3 due to high tap density

[56]. The buffer matrix of TiC and carbon in the

nanocomposite alloy anodes accommodates the large vol-

ume change occurring during the charge and discharge

process and leads to enhanced cyclability compared to pure

SnSb anodes as well as previously published SnSb

composites. The improvement was attributed to the well-

dispersed nanocrystalline Sb and the inactive TiC within

the amorphous carbon matrix.

Carbon or graphene modification has been proven as an

efficient strategy to improve conductivity and rate capa-

bility. It was found that depositing nanosized alloy particles

on the surface of a stable frame core such as MCMBs

Fig. 6 Capacity retention for SnSb NCs in a Li-ion and b Na-ion half cells, electrochemical performance of SnSb NCs in c lithium-ion full cells

and d sodium-ion full cells using LiCoO2 and Na1.5VPO4.8F0.7 as cathode material; rate capability tests (0.5–20, 1C = 660 mA�g-1) e for Li-ion

anodes composed of SnSb, Sn and Sb NCs and f for Na-ion anodes comprising SnSb NCs; g SEM image and h TEM image of porous CNF-SnSb

nanocomposite electrodes after 80 charge–discharge cycles at 0.2C in FEC-containing electrolyte; i cycling performance (Curves A, B) and

corresponding Coulombic efficiency (Curves C, D) of porous CNF-SnSb electrodes in FEC-containing (Curves A, C) and FEC-free electrolyte

(Curves B, D)
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[36, 41], with larger particle size uniformly and separately,

is an effective method to achieve higher Li storage

capacity, better cyclic performance and higher discharge

and charge efficiency simultaneously. Some graphene-

modified SnSb anodes [92–94] also exhibited good elec-

trochemical performance.

Moreover, an investigation by Liu et al. addressed the

importance of electrolyte additive for better SnSb energy

storage performance [81]. It has been proven that the

presence of fluoroethylene carbonate (FEC) in elec-

trolytes can prevent electrolyte decomposition and lead to

the formation of thin, uniform, flexible and thus benefi-

cial solid electrolyte interphase (SEI) films and uniform

surface chemistry on the cycled electrode surfaces

(Fig. 6g, h), which can modify the surface passivation.

They further test the electrospun SbSn-C nanofiber in this

kind of FEC-additive electrolyte for SIBs. A high

reversible capacity of 345–350 mAh�g-1 at 0.2C, excel-

lent capacity retention for more than 200 cycles (Fig. 6i)

and enhanced reversible capacity of more than

110 mAh�g-1 at the super high rate of 20C can be

obtained.

3.2 Zn–Sb alloys

Orthorhombic ZnSb has a puckered layer structure, in

which Zn and Sb atoms are connected by screw-typed

layered chains. Inspired by the concept of quasi-intercala-

tion of layered materials (orthorhombic ZnSb, orthorhom-

bic P and rhombohedral As) (Fig. 7a), Park and Sohn [53]

designed ZnSb anode materials with excellent electro-

chemical properties. Layered materials are facilely trans-

formed to amorphous composites by HEMM. Ex situ X-ray

diffraction (XRD) results demonstrated during lithiation, Li

is inserted into the puckered hexagonal channels which

transform to regular hexagonal channels. And this phase

transformation induces rearrangement to the layered Zn–Sb

planes and periodic Li arrays through the cleavage and

recombination of puckered Zn–Sb chains (Fig. 7b). The

milled ZnSb/C nanocomposite electrode shows an excel-

lent electrochemical stability with high gravimetric

capacity of 520 mAh�g-1 even after 200 cycles, and the

capacity retention after 200 cycles corresponds to approx-

imately 88% of the first discharge capacity (Fig. 7c). The

capacity retention of the ZnSb/C nanocomposite shows far

Fig. 7 Mechanism of quasi-intercalation between ZnSb and LiZnSb a, ex situ XRD results of ZnSb electrode during the first charge (0.8 V) and

discharge (2.0 V) b, comparison of cycle performances of ZnSb/C nanocomposite, ZnSb and graphite (MCMB) electrodes c, individual XRD

patterns of Li3Sb, Li2CuSb and Cu2Sb charged at room temperature and Cu2Sb charged at 55 �C d, and in situ XRD patterns of Cu2Sb/carbon

electrode collected during e charge and f discharge of a Cu2Sb/Li cell
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better electrochemical reversibility and cyclability than

those of the ZnSb and MCMB electrodes.

Owing to their hollow structures, the ZnSb nanotubes

depicted better Li-ion storage performance compared to

ZnSb nanoparticles deposited under different conditions

[68]. The ZnSb nanotubes depicted specific capacities of

406 and 350 mAh�g-1 at 1C and 2C, respectively, which

were 22 and 30% higher than those of ZnSb nanoparticles.

A LIBs anode composed of interconnected ZnSb nano-

flakes [95] depicted high discharge capacities and a

stable performance with an initial discharge capacity of

735 mAh�g-1 and an initial Columbic efficiency of 85%. In

addition, the ZnSb nanoflakes maintained a discharge

capacity of 500 mAh�g-1 with a Coulombic efficiency of

98% after 70 cycles at a current density of 100 mA�g-1

(0.18C). The improved performance of the interconnected

ZnSb nanoflakes is attributed to their open structure, with a

large surface area and small crystal grains, to facilitate the

diffusion of Li ions and to buffer the large volume swings

during the lithium intercalation process.

Zn4Sb3 also has gained much research interest as a

promising anode in LIBs and SIBs. Zhao and Cao [52]

firstly studied Zn4Sb3 as a potential material for negative

electrodes of lithium-ion batteries. It was found that the

reversible capacity of ball-milled Zn4Sb3 in the first cycle

reached 507 mAh�g-1 and increased up to 580 mAh�g-1

when the alloy was ball-milled with about 11.8 wt% gra-

phite additives. Zheng et al. demonstrated the CVD growth

of several novel 1D Zn4Sb3 structures, including nan-

otubes, nanowires and nanorods, directly on a Cu foil [76].

The 1D transport nature and the tubular structures of the

obtained Zn4Sb3 nanotubes offer excellent anode capacity

and cycling stability, while the direct deposition of elec-

troactive materials on Cu foils allows for direct battery

assembly. As proof of concept, the anodes made of Zn4Sb3

nanotubes showed a high initial discharge capacity of

1160 mAh�g-1 at 100 mA�g-1 and maintained a reversible

capacity of 450 mAh�g-1 after 100 cycles.

3.3 Cu–Sb-based alloys

In most of the literature, Li–Cu2Sb cells are reported to be

operated by a mechanism involving lithium insertion/cop-

per extrusion reactions as illustrated by the following

reaction [70, 96]:

xLi þ Cu2Sb $LixCu2�ySb þ
yCu ð0\x� 3; 0\y� 2Þ

ð4Þ

Specifically, in the first step, Li is inserted into Cu2Sb

associated with Cu extrusion, which initiates a phase

transition to a lithiated LixCu2-ySb (0\x B 2 and 0\y B 1).

And the intermediate product after the first step is Li2CuSb.

In the second step, further lithiation would result in the

displacement of the remaining Cu to yield Li2?zCu1-zSb

here 0\z B 1 with the final product Li3Sb. The lithium

insertion/metal extrusion phenomena are similar to those

observed in Li–Cu6Sn5 system [97] and Li-InSb system

[98].

However, Tarascon et al. claimed the structural

reversibility of the Cu2Sb electrode can be obtained in two

special cases [99]: (1) when the particle size of Cu2Sb is

small and when the powders are ball-milled with carbon

and (2) when Li2CuSb is used as the starting material and

some Sb is lost from the electrode during charge (Fig. 7d–

f). Through a different arsenal of characterization tech-

niques, they emphasized the role of the particle size,

electrode preparation and temperature on the reversibility

of the electrochemical reaction. Tarascon et al. demon-

strated that the grain growth of the extruded Cu atoms

during discharge and retention of electronic conductivity

must be carefully controlled to ensure good cycle life. Such

as in a Cu2Sb–Al2O3–C composite [100], after 500 cycles,

Cu2Sb–Al2O3–C has transformed into well-defined,

2–10 nm-sized crystalline particles that are almost entirely

separated from one another and are surrounded by a matrix

of Al2O3 and C. After 50 cycles, Cu2Sb-C has almost

completely transformed into crystalline spherical particles

that are embedded in a carbon matrix.

In most of Sb-based intermetallic compounds, when one

of the phases is deformed, the other phase may retain the

stability and maintains good electric contact during the

alloying–de-alloying processes. Therefore, some amor-

phous buffer or hollow structure can accommodate the

volume expansion and enhance the electrochemical per-

formance. For instance, the amorphous carbon layers in

Sb–Cu2Sb@C composite [101] could remit the damage of

electrode resulted from large volume expansion. The as-

synthesized composites display an initial reversible

capacity of 602 mAh�g-1 and maintain 461 mAh�g-1 after

60 cycles. Hollow Cu2Sb@C core–shell nanocomposite

[32] showed good cycling performance, because the drastic

volume change of Cu2Sb alloy particles was suppressed by

the carbon layer and numerous pores during the charge and

discharge reaction. At the 100th cycle, the discharge

capacity of the hollow core–shell Cu2Sb@C nanoparticle

electrode was 384.8 mAh�g-1.

3.4 Co–Sb alloys

Tirado and coworker investigated the electrochemical

reaction of lithium with the skutterudite CoSb3 in 1999

[102]. In their study, Li–CoSb3 cell was established by

using crystalline solid CoSb3 with skutterudite structure as

anode and a LiClO4 ? PC electrolyte. The first discharge

involves the irreversible decomposition of the solid to
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noncrystalline cobalt and Li3Sb alloy. On cycling, the

reversible extraction/insertion of lithium in the antimony

alloy takes place. Part of the irreversible capacity is

ascribable to the formation of a passivating film on the

surface of the electrode material. It is found that the

capacity retention is better than that of pure antimony

electrodes, probably due to the dispersion of the metal

caused by the decomposition of skutterudite solid CoSb3.

Afterward, Zhao et al. conducted an ex situ studies of

CoSb3 compound as the anode material for LIBs [103].

Their results revealed that when CoSb3 is intercalated by Li

ions, it decomposes into Co and Sb first, followed by the

formation of the Li3Sb phase, which is dispersed in the Co

matrix. When Li ions are removed from Li3Sb, Co and Sb

atoms cannot reconstruct CoSb3, while the Li/Sb alloying

and de-alloying processes are reversible.

Nevertheless, Tarascon et al. [104] insisted that the

reconstruction of CoSb3 during charge was possible on the

basis of in situ XRD microscopy and magnetic measure-

ments. More importantly, he declared that this phase reacts

with more than 9.5 lithium in a two-step process, consisting

of the uptake of nine Li at a constant voltage close to

0.6 V, and of about one lithium over the final voltage decay

to 0.01 V (Fig. 8a). Upon recharge, only eight lithium can

be extracted. Although these materials can reversibly

uptake about 8 lithium, they are of negligible value, since

their capacity rapidly decays with cycling, independent of

the electrode processing (Fig. 8b).

Some examples studied the lithium storage behavior of

Co–Sb alloy anode. The reversible capacity of CoSb3/

MWCNT [29] as LIBs anode reaches 312 mAh�g-1 at the

first cycle and remains above 265 mAh�g-1 after 30 cycles.

A highly ordered CoSb nanowire array structures [66] have

a charge–discharge capacity of around 200 mAh�g-1, with

a Coulombic efficiency of 86% and a capability retention

rate as low as 28% after 10 cycles. Park et al. [105]

reported a CoSb2/C nanocomposite electrode comprising of

disproportionated nanocrystalline CoSb, amorphous Sb and

an amorphous carbon matrix showed excellent electro-

chemical properties, such as a high energy density (first

charge: 578 mAh�g-1 or 2895 mAh�cm-3), cycling dura-

bility over 100 cycles (above 490 mAh�g-1 or

2450 mAh�cm-3), high initial Coulombic efficiency

(78.1%) and a fast rate capability (1C: 472 mAh�g-1, 3C:

415 mAh�g-1). Yan et al. introduced an interesting con-

trolled synthesis of Sb nanostructures and their conversion

to CoSb3 nanoparticle chains for LIBs electrode [106]. The

capacity of CoSb3 NPs chain was 468 mAh�g-1 during the

second cycle, which dropped to 421 mAh�g-1 during the

70th cycle at a rate of 0.2C.

Fig. 8 In situ X-ray powder patterns collected (upper) and amplitude evolution for relative intensity ratio of diffraction peak of CoSb3 and Li3Sb

peaks (below) during a discharge and b charge of a CoSb3/Li electrochemical cell
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3.5 Ni–Sb alloys

Monconduit et al. firstly studied the electrochemical reac-

tion mechanism of lithium with NiSb2 intermetallic mate-

rial [107, 108]. It was shown that during the first discharge

the orthorhombic NiSb2 phase undergoes a pure conversion

process (NiSb2 ? 6Li? ? 6e- ? Ni ? 2Li3Sb). An

advanced NiSb hollow spheres anode [74] gave the best

electrochemical performances for NiSb alloy materials as

LIBs anode so far with a high reversible capacity of

420 mAh�g-1 after 50 cycles, close to its theoretical

capacity (446 mAh�g-1). The thin shells greatly shorten the

distances for Li? diffusion; the void space effectively

accommodates the dramatic volume change and alleviates

the strain during lithiation–delithiation.

A unique 3D interconnected NiSb hollow spheres [15]

were prepared as SIBs anode. Compared to pure Sb elec-

trode, the capacity retention of the obtained electrode was

greatly improved. For SIBs, NiSb hollow spheres exhibit

highly stable and substantial discharge capacities of 400,

372 and 230 mAh�g-1 after 150 cycles at 1, 5 and 10C,

respectively (Fig. 9a). Moreover, a full Na0.4Mn0.54-

Co0.46O2//NiSb battery shows a charge and discharge

capacity of 451 and 301 mAh�g-1, respectively, at a cur-

rent density of 300 mA�g-1. And it also displayed rela-

tively good stability, retaining 75% of the initial discharge

capacity after 20 cycles (Fig. 9b).

Apart from the aforesaid NiSb hollow sphere anode and

3D interconnected NiSb hollow sphere anode, other dif-

ferent Ni-Sb nanomaterials were also prepared as LIBs or

SIBs anode, such as Ni5Sb2 nanowire array [67], NiSb2

powder [31] and NiSb particle [30]. Although these anodes

deliver a high initial discharge capacity of

200–550 mAh�g-1, their cycle life is less than 30 cycles;

therefore, further improvement on electrochemical stability

should be addressed upon long-term cycling.

3.6 Other Sb-based alloys

Besides the aforementioned typical Sb-based alloys, other

Sb-based intermetallic compounds have also drawn much

attention for LIBs or SIBs application, such as Mo3Sb7

[109], Mn-Sb alloy [110–112], InSb [113–116], Ag-Sb

alloy [117–120], Mg-Sb alloy [121, 122], TiSb2 [123–125],

VSb2 [126], CrSb2 [127, 128] and FeSb2 [129–131]. Some

original and insightful research has been achieved and

illustrated as follows.

3.6.1 Mo–Sb

Mo3Sb7 thin films prepared by magnetron sputtering were

evaluated as an anode material for LIBs and SIBs [109].

Excellent rate performance and good cycling are obtained

in both cases. Indeed, with Li, a reversible capacity of

310 mAh�g-1 is obtained at 100C (Fig. 10a) and a rever-

sible capacity of 280 mAh�g-1 is measured at 30C during

the reaction with Na (Fig. 10b). The study of the changes

in bulk structure by XRD shows that Li3Sb nanocrystallites

can be formed at full discharge during the reaction with Li,

whereas the electrode remains amorphous with Na. This is

similar to the reaction of SnSb with Na but contrasts with

the reaction of Cu2Sb, which can form Na3Sb nanodomains

at full sodiation. The capacity retention can be improved by

using FEC as Na-ion electrolyte additive.

3.6.2 In–Sb

An intermetallic InSb compound with a zinc blende-type

(diamond) structure as an anode for LIBs was reported. The

reaction of InSb with Li was demonstrated as follows:

xLi þ Li2InSb $ Li2þxIn1�xSb þ xIn x� 1ð Þ ð5Þ

Although Vaughey et al. mentioned that the above results

of InSb could open up possibilities for identifying other

Fig. 9 Capacity retention of 3D interconnected NiSb hollow nanospheres as anode for SIBs a and cycling performance of Na-ion full battery

consisting of Na0.4Mn0.54Co0.46O2 cathode and NiSb anode b
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zinc blende insertion electrodes [115], Hewitt et al. [113]

suggested another reaction mechanism of InSb electrodes

based on their in situ XRD results (Fig. 10c). It is found

that only 0.27 Li atoms per InSb may be intercalated fol-

lowed by decomposition of the ternary phase. Li interca-

lation was possible with only about 5% of the overall

capacity, and it appears that the reactivity of the elements

was the most significant factor in determining the perfor-

mance of InSb intercalation host.

3.6.3 Mn–Sb

Jumas et al. studied Li insertion mechanisms in transi-

tion metal antimony compounds as negative electrodes

for LIBs [111]. MSb (M = Ni, Co, Fe, Mn) alloys with a

NiAs-type structure were synthesized by ceramic route

and evaluated as a negative electrode material for

rechargeable lithium batteries. Electrochemical tests

demonstrated that initial charge and discharge capacities

of this material were 390 and 330 mAh�g-1, respec-

tively. Specifically, ex situ XRD patterns of MnSb

electrodes showed that LiMnSb and Li3Sb were suc-

cessively formed during lithium insertion (Fig. 11a, b).

The 121Sb Mössbauer spectra show that the insertion

mechanism during discharge involves the formation of

several lithium-containing compounds such as LiMnSb,

Li3Sb with manganese extrusion (Fig. 11c, d). During

the subsequent charge, a more complex mechanism

occurs involving MnSb, modified LiMnSb alloy and

metallic Sb formation.

Fig. 10 Rate performance of Mo3Sb7 film electrodes during charge (ion removal) measured from 0.2C to 100.0C in a LIBs and b SIBs (Li/Sb

and Na/Sb being mole ratio); c in situ XRD patterns of InSb electrode of a Li/InSb cell cycled between 0 and 1.3 V

Antimony-based intermetallic compounds for lithium-ion and sodium-ion batteries 333

123Rare Met. (2017) 36(5):321–338



4 Conclusion

In summary, this review highlights the recent progress in

improving and understanding the electrochemical perfor-

mance of various Sb-based intermetallic compounds anode.

The developments of synthesis and construction of Sb-

based intermetallic compounds are systematically sum-

marized. The electrochemical performance of various Sb-

based intermetallic compound anodes is compared in LIBs

or SIBs. Notably, the rational construction of advanced

anode with unique structures has been proven to be an

effective approach to enhance the electrochemical perfor-

mance of various Sb-based intermetallic compound anodes.

Diverse nanostructures have been prepared for Sb-based

alloy anode, including hollow spheres, nanowires/nan-

otubes/nanorods, porous particles and hybrid nanocom-

posites. As emphasized in this review, the success of

nanostructure engineering on these Sb alloy materials

depends on the comprehensive combination of various

basic general strategies.

For Sb-based intermetallic alloy anode, although the

electrochemical performances have been addressed and

enhanced to some extent, great issues still remain as a

challenge to be concerned: the irreversible capacity loss for

the first cycle and fast capacity decay, serious aggregation

of active particles during alloying/de-alloying process, the

decomposition of electrolyte, the unclear reaction mecha-

nism for some of Sb-based alloy anode and so forth.

The key issue with Sb-based intermetallic anode to

become a commercial technology is the severe structural

degradation caused by huge volume expansion. Therefore,

the main ideas of developing high performance of Sb-based

intermetallic compound anode involve the rational design

of nanostructured advanced anode and the probe of its

uncovered lithium/sodium storage mechanism. At this

stage, developing facile, efficient and controllable synthe-

sis of novel Sb-based nanostructures is still urgently

demanded. Moreover, chemistry opens up a possibility to

explore potential new-type Sb-based beyond metallic

compounds, such as Sb-based chalcogenides [132, 133],

Fig. 11 XRD patterns of MnSb a discharged at 0.2 V and b charged at 1.4 V; 121Sb Mössbauer spectra of MnSb c discharged and d charged
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Sb-based oxides [134, 135] and multi-component Sb-based

alloys [136, 137]. And challenges and breakthroughs might

lie ahead bearing the deeper understanding of solid-state

physics. With respect to its unclear reaction mechanism,

some ex situ, operando measurements are highly consid-

ered to provide useful and detailed information upon the

electrochemical reaction mechanisms. It can be confidently

anticipated that this kind of high-capacity Sb-based inter-

metallic compound anode will be developed in the near

future through continuous efforts for next-generation high-

performance LIBs and SIBs.
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AlSb thin films as negative electrodes for Li-ion and Na-ion

batteries. J Power Sources. 2013;243(1):699.

[87] Baggetto L, Allcorn E, Unocic RR, Manthiram A, Veith GM.

Mo3Sb7 as a very fast anode material for lithium-ion and

sodium-ion batteries. J Mater Chem A. 2013;1(37):11163.

[88] Yang J, Takeda Y, Imanishi N, Ichikawa T, Yamamoto O.

SnSbx based composite electrodes for lithium ion cells. Solid

State Ionics. 2000;135(1):175.

[89] Yang J, Takeda Y, Imanishi N, Xie JY, Yamamoto O. Inter-

metallic SnSbx compounds for lithium insertion hosts. Solid

State Ionics. 2000;133(3–4):189.

[90] Yoshida K, Sano Y, Tomii Y. Study on microstructural

deformation of working Sn and SnSb anode particles for Li-ion

batteries by in situ transmission X-ray microscopy. J Phys

Chem C. 2011;115(44):22040.

[91] Baggetto L, Hah HY, Jumas JC, Johnson CE, Johnson JA,

Keum JK, Bridges CA, Veith GM. The reaction mechanism of

SnSb and Sb thin film anodes for Na-ion batteries studied by

X-ray diffraction, 119Sn and 121Sb Mössbauer spectroscopies.
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